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ABSTRACT 

Previous results from high energy, attrition milled NiAl in liquid nitrogen (cryomilled) indicate 
that this process can produce high temperature, creep resistant AIN particulate reinforced 
materials. However, the low temperature toughness of such materials is below that preferred for 
structural applications in aerospace engines. In order to improve the toughness of these materials, 
prealloyed nickel aluminide (Ni - 53 atomic percent Al) powder was cryomilled and mixed with 
chromium or molybdenum powders. The resulting materials were hot extruded and tested for 
room temperature toughness and 1300K compressive strength. 

INTRODUCTION 

Significant work has gone into developing high temperature materials with increased strength 
and creep resistance without severe degradation in ductility, toughness and corrosion resistance 
for use in turbine engines. Hie goal has been to develop low density materials that can improve 
upon today’s single crystal, nickel based superalloys in terms of both specific properties and 
cost NiAl is an attractive candidate for such applications due to it’s low density and high 
melting temperature. However, unalloyed polycrystalline NiAl has limited tensile ductility, 
fracture toughness and creep strength [1-3]. These limitations must be overcome in order for 
NiAl based materials to be used in structural applications. 

Recent work on NiAl based materials has emphasized the development of materials with a 
balance of properties [23]. Room temperature fracture toughness and high temperature specific 
strength have been chosen as the two screening criteria for the development of NiAl based 
materials with the goal of obtaining a material with a room temperature toughness near 20 

MPaVm (=20 ksiVin) and a specific creep strength greater than 16 MPa cmVg (64 ksi in 3 /lb) for 
a strain rate of 10" 8 s' 1 at 1023°C (1880°F) [2,3], 

Directionally solidified NiAl eutectic alloys containing refractory metals (namely Cr and Mo) 
have higher toughness values than binary NiAl, but insufficient high temperature strength [3,4]. 
Dispersion strengthened NiAl materials produced by cryomilling have toughness values similar 
to polycrystalline NiAl alloys but have significantly higher elevated temperature strength [5-7]. 

*NASA Resident Research Associate at Lewis Research Center. 

1 



There is a wide range of properties between these two classes of materials and a NiAl based 
material that contains both dispersion strengthening and ductile phase toughening may reach 
these goals [8,9]. This paper documents an initial attempt to toughen cryomilled NiAl with 
refractory metals and reports preliminary property measurements on such materials. 


EXPEK 


ljiaji 


C A L PRO C EDURE 


Prealloyed nickel aluminide (Ni - 53 atomic percent Al) powder was cryomilled, i.e., milled in 
an attritor in liquid nitrogen. During cryomilling, the liquid nitrogen reacts with the NiAl to form 
AIN particles on the surfaces of the NiAl particles [10], Cryomilling also results in a decrease in 
the NiAl powder particle and grain size [1 1], The cryomilled NiAl was then mixed with -325 
mesh, 99.5% or purer, chromium or molybdenum powders. The blends were then mixed for one 
hour using a rolling mill in order to ensure proper mixing of the refractory metals. The blends 
were then packed into superalloy lined steel extrusion cans. After evacuating and welding the 
cans shut, the blends were extruded using a 12: 1 extrusion ratio at a nominal temperature of 
1232°C (2250°F). 

Chemical analyses were performed on specimens taken from the extruded materials. N and O 
contents were measured using an inert gas fusion technique. Al, Ni, Cr and Mo contents were 
obtained using inductively coupled plasma emission spectroscopy. Estimates of the volume 
fractions of AIN, AI 2 O 3 and Cr or Mo were obtained by assuming that all of the N formed AIN, 
all of the O formed AI 2 O 3 , and none of the Cr or Mo diffused into the NiAl during the thermal 
exposure of the canned powders during the extrusion process. 

Metallographic analyses were performed on polished transverse and longitudinal cross sections 
of the extrusions. The specimens were examined using an optical microscope with an image 
analysis system, a JEOL JSM 840A scanning electron microscope (SEM) with an energy 
dispersive spectroscopic (EDS) system. Volume fraction estimates of the Cr or Mo contents of 
the materials were obtained by averaging the area fractions of these phases for ten randomly 
chosen fields in both the longitudinal and transverse cross-sections using the optical image 
analysis system. The fracture surfaces of the toughness specimens were examined on the SEM 
using both secondary and backscattered electron imaging. 

A Philips EM400T transmission electron microscope (TEM) with an attached thin window x-ray 
detector and analyzer was used for compositional analysis. Thin foils of the as extruded materials 
were prepared for TEM using techniques more typical for ceramic materials in order to avoid 
preferential electropolishing of one metal phase over another. Disks 3 mm in diameter were cut 
from transverse slices of each material and hand ground and polished to a thickness of 80 pm 
with a surface finish of 1 pm. One side of each disk was dimple ground to a center thickness of 
=30 pm and then argon ion milled until perforation. TEM was performed at an operating voltage 
of 120 keV. 


The fracture toughness measurements were made in accordance with ASTM E399. Specimens 
with rectangular cross sections 0.64 to 0.76 cm (0.25 to 0.30”) wide and 3.8 cm (1.5”) long were 
wire electro-discharge machined (EDM) from the extruded materials. The long axes of the 
specimens were parallel to the extrusion axis. Notches were cut into the specimens using 
diamond and wire saws. The specimens were not precracked prior to toughness testing. The 
materials were tested in four point bending using constant displacement rate tests. The maximum 
load, the load at failure, was used to estimate Kq. 

Cylindrical specimens, 3mm in diameter and 6 mm long, were wire electro-discharge machined 
from the extruded materials in order to obtain compression test specimens. The long axes of die 
compression specimens were parallel to the extrusion direction. Constant velocity compression 
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tests at crosshead speeds ranging from 0.005 to 5 X 10 -6 in/min (2.1 X 10 ' 3 to 8.47 X 10 ' 7 mm/s) 
were conducted in air at 1027°C (1880°F). Load-time charts were converted, assuming 
conservation of volume, to true compressive stresses, strains and strain rates via the offset 
method [12,13]. 

EXPERIMENTAL RESULTS 

The results of the chemical analyses of the extruded materials are listed in Table 1. There was 
significant N and O pickup during cryomilling and subsequent processing. There was also some 
slight Cr contamination in the Mo containing material. Converting the chemistries to volume 
percent constituents (Table 2) indicate that the materials came close to their intended volume 
fractions of refractory materials, as expected - 10 and 30 volume percent chromium and 12 
volume percent Mo. The materials also contained approximately 10 volume percent AIN and 3 
volume percent AI 2 O 3 . 

Table 1. Chemical Analysis of Extruded Materials in Weight Percent 


Material 

A1 

Q 

Mo M 

N 

0 


M&LM 

11.9 

- 55.8 



NiAl/AlN-30Cr 

21.4 

34.9 

41.4 


nnHSl 

NiAl/AIN- 12Mo 

26.0 

0.1 

20.8 49.9 

2.18 


tie 2. Estimated Volume Percents of Constituent Phases from Chemical Analy. 

Material 

NiAl 

AIN 

AI 2 O 3 


Mo 

»rfi™Ksrr«Mi 

77 


3 

m 

- 

1 WfT'fP 

58 

8 

3 

31 

- 


71 

13 

4 

0.1 

13 


All three materials have generally similar microstructures. The major constituent in these 
materials was a NiAl/AIN mixture which is best seen at die TEM level. Figure 1. The NiAl 
grains are typically around 1 pm in size. AIN particles are found singly and in clusters, both 
intra- and intergranularly distributed. The AIN particles are typically equiaxed and 50 to 150 nm 
in size. The NiAl/AIN regions of the three samples are very similar morphologically and 
chemically. 

The largest features in these materials are regions of relatively clean NiAl up to ~2 mm across 
and often 4 mm or more long. Figure 2. These areas contain no or very little Cr (or Mo) and have 
less AIN than the surrounding material. They are probably clusters of NiAl that setded to the 
bottom of the attritor during cryomilling. These regions are most common in the 10 Cr sample 
(<5 voL %), less prevalent in the 30 Cr (<3 voL %), and considerably less common in the 12 Mo 
material (<1 voi. %). 

The refractory metal particles are generally well distributed within the materials. Figure 3 
contains representative optical micrographs of the distributions of the refractory phases. 
However, there are a few regions of large refractory particles in these materials and regions void 

of refractory metals. The Cr regions of the 10 Cr and 30 Cr specimens are up to =*30 pm across 

and =150 pm long and consist of relatively equiaxed grains a fraction of a micron in size. The 
Mo particles in the 12 Mo material, while having a maximum size nearly identical to the Cr 
containing alloys, are more homogeneously dispersed and typically smaller than the particles in 
the Cr containing materials. The nominal volume fractions of refractory phases measured using 
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Figure 1. Mixture of NiAl grains and AIN particles in cryomilled NiAl, 



Figure 2. Backscattered electron micrograph of a longitudinal section of NiAl/ AIN- 12Mo 
containing AIN and refractory metal denuded zones. Extrusion axis is horizontal. 
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the optical image analysis system, Table 3, are similar to those estimated from the chemical 
analyses. The significant variations in the NiAl/AlN-30 Cr distribution is due to the presence of 
the large Cr particles and the AIN denuded zones. 

Table 3. Volume Percents of Refractory Phases from Metallographic Analyses. 


Material 

■b iKTJK553 

Longitudinal Section 


9± 1 

9±3 

NiAl/AlN-30Cr 

32 + 3 

20 ±7 

NiAl/AIN- 12Mo 

9± 1 

12 ±3 



Room temperature fracture toughness tests were performed on notched specimens for each 
material. The estimated room temperature fracture toughness values, Kq, are listed in Table 4. 
No value is listed for NiAl/AlN+lOCr Specimen A due to a failure to record the load during 
testing. The 30 Cr material has a slightly higher average toughness than the 10 Cr specimen due 
to a larger amount of refractory material. The 12 Mo material has the highest average toughness. 

All of the fracture surfaces show evidence of the difficulty in notching die specimens. Figure 4 
for example. The notched areas contain numerous machining striations, imbedded SiC particles, 
and bowed notches. These features certainly influenced the fracture toughness results liked in 
Table 4. The bowed notch root and the tilt in the notch with respect to the testing axis may cause 
an overestimate of the fracture toughness value. However, the presence of an inhomogeneous 
microstructure at the notch root may lead to stress concentrations which could lead to an 
underestimate of the fracture toughness. 

Fracture Toughness Measurements, Kq, in MPaVm. 


Material 





- 


- 

NiAl/AlN-30Cr 

14.23 

13.86 

14.0 

NiAl/AIN- 12Mo 

19.47 

13.14 

16.3 


There appear to be multiple fracture origins at the notch root. Figure 5 for example. These are 
located in areas which contain both AIN denuded zones and large refractory particles. The 
fracture surfaces of the toughness specimens are not flat and vary in roughness due to 
microstructural inhomogeneities. The crack path was more tortuous through areas containing a 
uniform refractory particle size and distribution than the crack path through areas that contained 
no refractory particles. The lower roughness (and by implication toughness) areas are the AIN 
denuded zones mentioned previously. The Cr and Mo particles, in regions where they were well 
dispersed, partially debonded from tire matrix and necked during fracture. Figure 6. The largest 
refractory particles generally failed by intergranular fracture. The lower toughness for the 12 Mo 
specimen B could be attributed to an extremely inhomogeneous microstructure at the notch. A 
large Mo particle and a number of AIN denuded zones were present at the notch root. Figure 7. 

The true compressive stress-strain diagrams for the materials tested at 1027°C (1880°F) are 
given in Figures 8-10. Rapid work hardening occurs during the first 1% of deformation, 
irrespective of the strain rate or material. The rapid strain hardening is succeeded by more 
gradual work hardening until a maximum stress is reached after about 2-3% strain and is 
generally followed by slow strain softening. The true compressive flow stress-strain rate data 
taken from the constant velocity tests at 3% strain are given in Figure 1 1 along with similar data 
for polycrystalline NiAl and NiAl/AIN without refractory metal additions [7,14]. The Mo 
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Figure 5. Apparent multiple fracture origins along the notch root in a NiAl/AlN-30 Cr specimen 
near AIN denuded zones and a large refractory particle. 
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Figure 7. Fracture surface of NiAl/AlN-12 Mo showing a large Mo particle and AIN denuded 
region at the notch root. 
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Figure 8. True compressive stress-strain behavior for the NiAI/AlN-lOCr tested at 1027°C. 



Figure 9. True compressive stress-strain behavior for the NiAl/AlN-30Cr tested at 1027°C. 
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True Compressive Strain, % 

Figure 10. True compressive stress-strain behavior for the NiAl/AlN-12Mo tested at 1027°C. 



True Compressive Strain Rate, s ' 1 


Figure 11. True compressive stress-strain rate behavior of NiAl/AIN materials [7,14]. 
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addition did not degrade the creep strength. However, the Cr additions weakened the cryomiUed 
material at all strain rates with the weakest material being the 30 Cr containing alloy. 

DISCUSSION 

Complex and ugly are the best words we can use to describe the microstructure of the ductile 
phase reinforced, cryomilled NiAl materials that were produced. A distribution of =10 |im 

diameter ductile Cr or =5 pm Mo particles was achieved and did impart some toughness to these 
materials through crack bridging and deflection. There is also an assemblage of nano-scale AIN 
particles to pin the dislocations and grain boundaries in the NiAl matrix during high temperature 
deformation. However, the zones denuded of AIN and refractory metal and the large refractory 
metal particles, all due to an immature process, were detrimental to the mechanical properties 
that were examined. 

Significant toughening can be achieved by incorporating ductile phases in low toughness 
materials [15]. The morphology, interfacial strength and physical properties of the ductile 
reinforcement are critical. If the particles are weakly bonded to the matrix and easily pull free as 
a crack approaches, the particles do not deform and there is almost no increase in toughness. On 
the other hand, if the particle is strongly bonded, the particles are constrained by the surrounding 
matrix resulting in an increase in the energy absorbed during deformation and fracture of the 
particles. If limited decohesion is allowed for strongly bonded particles, the contributions to the 
total increase in toughness could double. The amount of toughening due to a ductile 
reinforcement also depends on volume fraction, shape, distribution and mechanical properties of 
the ductile particles. 

The increase in toughness expected for a ductile reinforcement can be estimated from the 
following relationship proposed by Ashby, Blunt and Bannister: [15] 


AK IC =E r ^CV f ^a 0 

were C is the constraint coefficient, E r the reinforcement modulus, a y the yield strength, V f the 
volume fraction, and a Q is the radius of the ductile reinforcement The constraint coefficient can 
vary from 1.6 for a strongly bonded particle to 6 for a weakly bonded one. The modulus values 
used were 248 GPa for Cr and 324 GPa for Mo [16]. The yield strength values used were 282 
MPa for Cr and 340 MPa for Mo [16]. The average refractory metal particle size used in the 

calculations was 10 pm. The range of toughness increases we could expect to achieve in our 

materials, based on the model, is between 10 and 35 MPaVm, see Table 5. However, the upper 
limit of the toughness increase is limited by the actual fracture toughness of the Cr and Mo 

particles themselves. With the fracture toughness of cryomilled NiAl between 5 and 8 MPaVm, 
we believe that a realistic estimate for the toughness of our materials ranges between 15 and 30 

Table 5. Estimated increase in fracture toughness due to ductile reinforcement by Cr and Mo. 


Reinforcement 

v f ,% 

Estimated AK^, MPaVm 
C= 1.6 C = 6 

Kq, MPaVm 
Estimated Actual 

Cr 


mm 

18 

15-23 

12 

Cr 

_ tm 


35 

25-40 

14 

Mo 

12 

14 

28 

19-33 

13-19 
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MPaVm. This range is less than that predicted by Ashby’s equation due to the limited toughness 
of the refractory metals used. Processing, and therefore microstructural, improvements could 
push these types of materials into the upper end of this range. 

The elevated temperature constant displacement rate compression tests for the ductile reinforced, 
cryomilled NiAl were done in order to help screen the materials for potential creep strength. The 
strongest material at 1027°C (1880°F) and all strain rates was the NiAl/AIN - 12 Mo material. 
Figure 12. Its strength was similar to the strength of NiAl materials with 10 vol.% AIN produced 
by cryomilling [7], On can infer from this result that the low level of AIN denuded zones (<1%) 
was not detrimental to the creep strength of the NiAl/AIN - 12 Mo material. All three materials 
described in this paper were significantly stronger than polycrystalline Ni - 48.25 at.% A1 [14]. 
However, the material containing 30 vol.% Cr was noticeably weaker than that with 10 vol.% Cr 
indicating that one may need to compromise on the amount of ductile phase reinforcement 
needed for toughening in order to maintain high temperature strength. 

Following convention, the flow stresses, a, and strain rates, £, were fitted to the standard power 
law equation, e = Act" , using linear regressions where A is a constant and n is the stress 
exponent The values from the regression are given in Table 6 along with R 2 , the coefficient of 
regression, and data for polycrystalline NiAl and NiAl/AIN without refractory additions [7,14]. 
The stress exponents, in the range of 6 to 9, are more typical of polycrystalline NiAl which are in 
the range of 5 to 7 [14]. 

Table 6. Fit of compressive flow stress-strain rate data to the power law equation. 


Material 


n 

R 2 

NiAl/AIN [7] 

2.94*10-35 



Ni-48.25 A1 [14] 

1.25* 10* 13 

5.4 

0.99 

NiAl/AIN - 10 Cr 

1.51*10-23 

8.3 

086 

NiAl/AIN- 30 Cr 

1.40*10- 18 

6.5 

0.94 

NiAl/AIN - 12 Mo 

2.04*10-26 


0.97 


The goal of this work is to develop a material that can be used to extend the performance 
capability of turbine engines. In order to replace conventional single crystal superalloys, new 
materials must be less dense, perform at higher temperatures and have sufficient toughness for 
the specific application. Toughness and specific strength goals are plotted in Figure 12 along 
with values for a first generation single crystal nickel based superalloy, NASAIR 100, and 
several classes of NiAl materials - polycrystalline NiAl, single crystal NiAl, directionally 
solidified NiAl eutectic alloys and cryomilled NiAl [2]. The regions for these classes are fairly 
broad. In order to see how our materials rank on this figure of merit, the compression data for our 
materials were extrapolated in order to obtain a creep strength at the 10 -8 s- 1 strain rate used for 
comparison purposes and are plotted in Figure 12. Our first generation materials, with their 
inhomogeneous microstructures, lie within the range of the directionally solidified NiAl eutectic 
alloys. The NiAl/AIN - 12 Mo material ranks the highest of our three materials. Improvements in 
the cryomilling and powder processing along with an understanding of the work being performed 
on the eutectic alloys could be used to develop a second generation of materials with a better mix 
of properties. 
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CryomiUed NiAl materials containing Cr and Mo were produced via powder processing. 
Microstructural examination revealed the presence of AIN denuded zones and large refractory 
particles which caused areas that were microstructurally inhomogeneous. The materials 
examined had better fracture toughness than cryomilled NiAl and better creep strengths than 
polycrystalline NiAl alloys. The NiAl/AIN - 12 Mo material was the toughest material at room 
temperature and the strongest material at 1027 °C (1880°F). The NiAl/AIN - 30 Cr material was 
slightly tougher than that with 10 voL% Cr but was much weaker during elevated temperature 
compression testing. Combined particulate strengthening and ductile phase toughening can be 
produced in NiAl based materials via cryomilling and extrusion with refractory metal particles. 
Further work is needed to refine the microstructure of these materials and to obtain a better 
balance of mechanical properties by varying the toughening content, size and type. 

25 
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Figure 12. Figure of merit for comparing materials being developed for use in high temperature 
turbine engines [2] . 
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